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Eukaryotic cells sterilize the cytosol by using auto-
phagy to route invading bacterial pathogens to the
lysosome. During macrophage infection with Myco-
bacterium tuberculosis, a vacuolar pathogen, exoge-
nous induction of autophagy can limit replication, but
the mechanism of autophagy targeting and its role
in natural infection remain unclear. Here we show
that phagosomal permeabilization mediated by the
bacterial ESX-1 secretion system allows cytosolic
components of the ubiquitin-mediated autophagy
pathway access to phagosomal M. tuberculosis.
Recognition of extracelluar bacterial DNA by the
STING-dependent cytosolic pathway is required for
marking bacteria with ubiquitin, and delivery of bacilli
to autophagosomes requires the ubiquitin-autoph-
agy receptors p62 and NDP52 and the DNA-respon-
sive kinase TBK1. Remarkably, mice with monocytes
incapable of delivering bacilli to the autophagy
pathway are extremely susceptible to infection. Our
results reveal an unexpected link between DNA
sensing, innate immunity, and autophagy and indi-
cate a major role for this autophagy pathway in resis-
tance to M. tuberculosis infection.INTRODUCTION
Autophagy is an evolutionarily conserved process in eukaryotes
whereby cytoplasmic components are enveloped and seques-
tered by membranous structures that subsequently fuse to
lysosomes for degradation. In response to nutrient-limiting
conditions, general autophagy serves a catabolic function by
mediating nonselective consumption of organelles and other
cellular components to generate substrates for energy metabo-
lism and protein synthesis (Deretic and Levine, 2009). In
contrast, selective autophagy functions to specifically renovate
the cell by targeting protein aggregates and specific organelles
for removal through the use of ubiquitin-mediated targeting(Youle and Narendra, 2011). For example, damaged mitochon-
dria are designated for destruction by targeting only the nonfunc-
tional organelles to the lysosome via the autophagy pathway,
a process termed mitophagy. Ubiquitin-tagged mitochondria
are directed into the general autophagy pathway via the action
of the adaptor protein p62, which binds both ubiquitin and
the autophagosome-associated protein LC3, although other
factors are probably required. Once LC3 is targeted to the
cargo, other components of the general autophagy pathway,
including ATG proteins such as ATG5, function to form auto-
phagosomes and deliver the organelle to the lysosome (Youle
and Narendra, 2011).
Autophagy also plays an important role in innate defense
against invading intracellular pathogens (Deretic and Levine,
2009). The prevailing view is that autophagy functions to elimi-
nate intracellular microbes that enter into the cytosol by seques-
tering them into autophagosomes and delivering them to the
lysosome. Furthermore, some pathogens employ autophagy
evasion mechanisms that are critical for long-term, persistent
infection (Kudchodkar and Levine, 2009). Previous studies of
Salmonella enterica serovar Typhimurium (S. Typhimurium)
and Listeria monocytogenes infection of cultured epithelial cells
have shown that bacteria that exit the endosomal pathway and
enter into the cytosol are ubiquitinated and delivered to auto-
phagosomes via recognition by the cytosolic autophagy recep-
tors p62 and NDP52 (Thurston et al., 2009; Zheng et al., 2009).
Yet how cytosolic bacteria are recognized and targeted for ubiq-
uitination is currently unknown.
Much of the groundbreaking work on the role of autophagy in
mycobacterial clearance was performed using Mycobacterium
bovis Bacille Calmette-Gue´rin (BCG), the attenuated vaccine
strain (Gutierrez et al., 2004; Singh et al., 2006). Curiously, in
these studies, targeting of LC3 to BCG-containing vacuoles
required exogenous stimulation of autophagy. Although this
vaccine strain has been extremely helpful in modeling many
basic functions of M. tuberculosis, it lacks several virulence
factors, including the type VII secretion system ESX-1 (Mahairas
et al., 1996; Pym et al., 2003). This is a key difference between
M. tuberculosis and BCG, as mutants lacking ESX-1 are defec-
tive for replication within macrophages, are severely attenuated
in animal models of infection, and fail to activate innate immune-
signaling responses of macrophages (Guinn et al., 2004;Cell 150, 803–815, August 17, 2012 ª2012 Elsevier Inc. 803
Hsu et al., 2003; Stanley et al., 2003; Wong and Jacobs, 2011).
Furthermore, BCG does not undergo selective autophagy and
recruitment of LC3 to the phagosomalmembrane unless autoph-
agy is experimentally induced (Gutierrez et al., 2004; Singh et al.,
2006; Zhao et al., 2008). During infection with Mycobacterium
marinum, an ectothermic pathogen related to M. tuberculosis,
ESX-1 secretion is required for vacuolar escape (Smith et al.,
2008) and for subsequent localization of ubiquitin (Collins et al.,
2009) and LC3 (Lerena and Colombo, 2011) to the bacterial
surface. However, unlike M. marinum, M. tuberculosis remains
membrane bound, although eventual escape has been observed
late in infection (van der Wel et al., 2007). Although inducing au-
tophagy exogenously via starvation, treatment with rapamycin,
interferon gamma (IFN-g), or vitamin D3 or genetic depletion of
autophagy inhibitors can lead to decreased bacterial replication
in macrophages (Gutierrez et al., 2004; Kumar et al., 2010; Singh
et al., 2006; Yuk et al., 2009), howM. tuberculosis interfaces with
the selective autophagy pathway from within the phagosome,
and the contribution of autophagic targeting by macrophages
to host resistance, is unknown.
Here we report that wild-type (WT) M. tuberculosis cells elicit
ubiquitin-mediated autophagy targeting in restingmacrophages,
resulting in the delivery of bacilli to lysosomes. Targeting requires
both the bacterial ESX-1 system and the host cytosolic DNA-
sensing pathway, revealing a novel link between nucleic acid
sensing and selective autophagy of intracellular pathogens.
Remarkably, we show that autophagy is a major mechanism of
host control during M. tuberculosis infection in vivo.
RESULTS
Autophagic Targeting of M. tuberculosis
To determine whetherM. tuberculosis is specifically targeted by
selective autophagy, we first examined the dynamics of the au-
tophagosome-specific marker LC3 over the course of WT
M. tuberculosis infection of naive macrophages. Primary murine
bone marrow-derived macrophages (BMDMs) derived from
GFP-LC3 transgenic mice were infected withM. tuberculosis ex-
pressingmCherry, and localization of GFP-LC3was analyzed via
microscopy at defined times after infection. Two hours after
infection, 15% of intracellular bacteria colocalized with GFP-
LC3, and by 4 hr this increased to 30% of the bacterial popu-
lation (Figure 1A, top panels and Figure 1B). Although the
number of small GFP-LC3 puncta increased during the infection,
targeting of LC3 to larger structures in the cell occurred exclu-
sively at the M. tuberculosis phagosome. Three-dimensional
confocal imaging of these cells revealed that GFP-LC3 envelops
the entire M. tuberculosis phagosome (Movie S1 available on-
line). Similar results were observed during infection of themacro-
phage-like cell line RAW 264.7 stably expressing GFP-LC3
(Figures S1A and S1B), as well as BMDMs immunostained with
an antibody specific for endogenous LC3 (Figures S1C and
S1D). M. tuberculosis also colocalized with another autophagy
protein, ATG12, in both BMDMs (Figures 1C and 1D) and RAW
264.7 cells (Figures S1G and S1H). Western blot analysis of
endogenous LC3 during M. tuberculosis infection revealed an
increase in conversion of LC3-I to LC3-II, consistent with
autophagy activation (Figure 1E). In addition, BMDMs from804 Cell 150, 803–815, August 17, 2012 ª2012 Elsevier Inc.Atg5flox/flox-Lyz-Cre mice (Zhao et al., 2008), which contain a
genomic deletion of Atg5within monocytes/macrophages (here-
after referred to as Atg5 mice), were unable to recruit LC3 to
phagosomes containing M. tuberculosis (Figure S2). Thus, WT
M. tuberculosis is specifically recognized and targeted by the au-
tophagy pathway in the absence of autophagy inducers.
Because BCG lacks genes encoding ESX-1 (Mahairas et al.,
1996; Pym et al., 2003) and previous work showed that ESX-1
is required for autophagy targeting of M. marinum (Lerena and
Colombo, 2011), we tested whether this secretion system was
required for native LC3 targeting toM. tuberculosis during infec-
tion. Whereas infection with BCG induced no LC3 recruitment,
restoration of ESX-1 secretion via complementation with the
RD1 locus of M. tuberculosis led to a partial yet significant
increase in targeting during infection of GFP-LC3 RAW 264.7
cells (Figures 1F and 1G). Likewise, an M. tuberculosis mutant
defective in ESX-1 secretion, Desat-6, failed to recruit LC3
(Figures 1A, bottom panels and 1B) and did not induce LC3 pro-
cessing (Figure 1C). Consistent with previous studies, WT
M. marinum also colocalized with GFP-LC3 in an ESX-1-depen-
dentmanner (Figures S1E andS1F) (Lerena andColombo, 2011).
These data indicate that the ESX-1 secretion system is required
for targeting mycobacteria to autophagosomes during infection.
Mounting evidence strongly suggests that ESAT-6, the major
ESX-1-secreted substrate, has membrane-damaging activity
(de Jonge et al., 2007; Hsu et al., 2003; Smith et al., 2008) that
functions to permeabilize the phagosomal membrane, allowing
access of the bacterium to the cytosol (Stamm et al., 2003;
van der Wel et al., 2007). Because pore-forming toxins such as
listeriolysin-O (LLO) are required for cytosolic access and to
induce autophagy during L. monocytogenes infection (Birming-
ham et al., 2007; Py et al., 2007), we hypothesized that ESX-1-
mediated autophagy was due to ESAT-6 pore formation. To
test this, we created an ESX-1 mutant strain that expressed
and secreted an autoactivated form of the heterologous pore-
forming toxin LLO (Singh et al., 2008). Expression of LLO in either
M. tuberculosis or M. marinum partially restored targeting of
GFP-LC3 to ESX-1 mutants (Figures 1H–1J), suggesting that
the requirement of ESX-1 secretion in autophagy targeting is
pore formation of the phagosomal membrane.
During macrophage infection, the majority of M. tuberculosis
cells block phagosomal maturation into lysosomes (Armstrong
and Hart, 1971), a process that requires a functional ESX-1
secretion system (MacGurn and Cox, 2007; Tan et al., 2006),
and the bacilli reside and grow in an endosome-like compart-
ment (Sturgill-Koszycki et al., 1996). To test whether bacteria co-
localized with LC3 due to this block in intracellular trafficking, we
infected GFP-LC3 RAW macrophages with M. tuberculosis
mutants that have functional ESX-1 secretion systems but fail
to inhibit phagolysosome fusion (Brodin et al., 2010; MacGurn
and Cox, 2007). We observed that both Rv1506c::Tn and
moeB1::Tn mutant cells, deficient in molybdopterin and acytre-
halose-containing glycolipids, respectively, colocalized with
GFP-LC3 to a similar extent as WT M. tuberculosis (Figures 1K
and 1L). Triple-labeling experiments demonstrated that these
GFP-LC3+ bacteria also colocalized with ubiquitin (Figure S1I).
Collectively, these results further demonstrate that the ESX-1
type VII secretion system serves to expose phagosome-bound
Figure 1. M. tuberculosis Targeting to Auto-
phagosomes Requires Phagosomal Perme-
abilization via ESX-1
(A) Fluorescence images of GFP-LC3 BMDMs
(green) infected for 4 hr with mCherry-expressing
WT or Desat-6 M. tuberculosis (red).
(B) Quantitative analysis of GFP-LC3 colocaliza-
tion with WT and Desat-6 M. tuberculosis at
indicated times after infection. Results are the
means ± SEM of three independent experiments.
(C) Fluorescence images of BMDMs infected for
4 hr with mCherry-expressing WT or Desat-6
M. tuberculosis (red) and immunostained with
anti-ATG12 (green).
(D) Quantitative analysis of colocalization with
ATG12 at 4 hr post-infection. Results are the
means ± SEM of three independent experiments.
(E) Western blot analysis of LC3 and actin (loading
control) of BMDMs infected for 4 hr with WT
M. tuberculosis.
(F) Fluorescence images of RAW 264.7 cells stably
expressing GFP-LC3 (green) infected for 6 hr with
either mCherry-expressing BCG or BCG com-
plemented with RD1 (red).
(G) Quantitative analysis of GFP-LC3 colocaliza-
tion with WT M. tuberculosis, BCG, or BCG com-
plemented with RD1 at 6 hr post-infection. Results
are the means ± SEM of three independent
experiments (n = 3 per group, *p < 0.005).
(H) Fluorescence images of GFP-LC3 RAW
264.7 cells (green) infected with the Desat-6
M. tuberculosis (red) or Desat-6 M. tuberculosis
expressing listeriolysin-O (LLO) (red) (n = 3 per
group, *p < 0.005).
(I) Quantitative analysis of GFP-LC3 colocalization
with WT M. tuberculosis, Desat-6 M. tuberculosis,
and Desat-6 M. tuberculosis expressing LLO.
Results are the means ± SEM of three indepen-
dent experiments (n = 3 per group, *p < 0.005).
(J) Quantitative analysis of GFP-LC3 colocaliza-
tion with WT M. marinum, DRD1 M. marinum, and
DRD1 M. marinum expressing LLO. Results are
the means ± SEM of three independent experi-
ments (n = 3 per group, *p < 0.005).
(K) Fluorescence images of GFP-LC3 RAW 264.7
cells (green) infected for 6 hr with Rv1596::Tn,
moaB::Tn and Desat-6 M. tuberculosis (red).
(L) Quantitative analysis of GFP-LC3 colocaliza-
tion with WT, Desat-6, Rv1596::Tn, and moaB::Tn
M. tuberculosis. Results are the means ± SEM of
three independent experiments.
See also Figure S1 and Movie S1.M. tuberculosis to the cytosol, where the bacilli are recognized
and targeted to autophagic compartments.
Role of LC3 and Ubiquitin Adaptors in M. tuberculosis
Targeting to the Autophagy Pathway
To understand the mechanism by which LC3 is recruited to
ESX-1+ M. tuberculosis, we tested whether p62 and NDP52
are required for targeting bacilli to autophagosomes. As
shown in Figures 2A–2D, 20%–25% of the M. tuberculosis
population recruited both p62 and NDP52 to phagosomes in
an ESX-1-dependent fashion. Triple-labeling experiments
showed that 70% of the LC3+ population also localized withboth p62 and NDP52 (Figures 2E and 2F). Knockdown of either
p62 or NDP52 expression in GFP-LC3 RAW 264.7 cells (Fig-
ure S3) resulted in a dramatic decrease in LC3 colocalization
(Figure 2G). Thus, as with S. Typhimurium, both adaptors are
required for autophagy targeting of M. tuberculosis (Cemma
et al., 2011).
NDP52, in addition to binding LC3, interacts with NAP1 and
SINTBAD to recruit Tank-binding kinase (TBK1) (Ryzhakov and
Randow, 2007). TBK1 is necessary for transcriptional induction
of type I interferon (IFN) during WT M. tuberculosis infection
(Stanley et al., 2003) but is also required for selective targeting
of salmonella to autophagy (Wild et al., 2011a). To determineCell 150, 803–815, August 17, 2012 ª2012 Elsevier Inc. 805
Figure 2. The Autophagy Receptors p62 and NDP52 and the Kinase TBK1 Are Required for Efficient Delivery of M. tuberculosis to Auto-
phagosomes
(A) Fluorescence images of BMDMs infected for 4 hr with mCherry-expressing WT or Desat-6 M. tuberculosis (red) and immunostained with anti-p62 (green).
(B) Quantitative analysis of colocalization with p62 at 4 hr post-infection. Results are the means ± SEM of three independent experiments.
(C) Fluorescence images of BMDMs infected for 4 hr with mCherry-expressing WT or Desat-6 M. tuberculosis (red) and immunostained with anti-NDP52 (green).
(D) Quantitative analysis of colocalization with NDP52 at 4 hr post-infection. Results are the means ± SEM of three independent experiments.
(E) Fluorescence images of BMDMs infected with WTM. tuberculosis (blue) for 4 hr and immunostained with anti-LC3 (green), anti-p62 (red), or anti-NDP52 (red).
(F) Quantitative analysis of M. tuberculosis colocalization with p62, NDP52 and LC3 at 4 hr post-infection. Results are the means ± SEM of three independent
experiments.
(G) Quantitative analysis of GFP-LC3 colocalization with WTM. tuberculosis after shRNA knockdown of p62 or NDP52 in GFP-LC3 RAW 264.7 cells. Results are
the means ± SEM of three independent experiments. Data are expressed as a percentage relative to control (scrambled shRNA) knockdown cells (n = 3
per group, *p < 0.006). See also Figure S3.
(H) Fluorescence images of BMDMs infected with either mCherry-expressing WT or Desat-6 M. tuberculosis (red) for 4 hr and immunostained with anti-phospho-
TBK1 (red).
(I) Quantitative analysis ofM. tuberculosis colocalization with phospho-TBK1 and LC3 at 4 hr post-infection. Results are the means ± SEM of three independent
experiments.
(J) Fluorescence images of BMDMs infected for 4 hr with mCherry-expressing WT M. tuberculosis (blue) and immunostained with anti-LC3 (green) and anti-
phospho-TBK1 (red) (n = 3 per group, *p < 0.01).
(K) Quantitative analysis of M. tuberculosis colocalization with TBK1 and LC3 at 4 hr post-infection. Results are the means ± SEM of three independent
experiments.
(L) Quantitative analysis of BMDMs from Tbk1+/+ and Tbk1/mice infectedwithWTM. tuberculosis for 4 hr and immunostainedwith anti-LC3 antibodies. Results
are the means ± SEM of three independent experiments.
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Figure 3. Mycobacterial ESX-1 System Is
Required for Ubquitin Colocalization
(A) Fluorescence images of BMDMs infected for
4 hr with mCherry-expressing WT or Desat-6 M.
tuberculosis (red) and immunostained with anti-
ubiquitin antibodies (green).
(B) Quantitative analysis of ubiquitin and LC3
colocalization with WT or Desat-6 M. tuberculosis
at indicated times post-infection. Results are the
means ± SEM of three independent experiments.
(C) Fluorescence images of BMDMs infected for
4 hr with mCherry-expressing WT M. tuberculosis
(blue) and immunostained with anti-LC3 (green)
and anti-ubiquitin antibodies (red).
(D) Quantitative analysis of M. tuberculosis co-
localization with ubiquitin and LC3 at 4 hr post-
infection. Results are the means ± SEM of three
independent experiments.
(E) Fluorescence images of BMDMs infected
with mCherry-expressing WT M. tuberculosis
and immunostained with anti-K63 and anti-K48
ubiquitin antibodies (green).
(F) Quantitative analysis of K63 and K48 ubiquitin
colocalization in BMDMs infected with WT
M. tuberculosis at 4 hr post-infection. Results
are the means ± SEM of three independent
experiments.
See also Figure S2.whether TBK1 is also important in autophagy targeting of
M. tuberculosis, we stained infected BMDMs with antibodies
specific for the activated, phosphorylated form of TBK1. As
shown in Figures 2H and 2I, activated TBK1 colocalized to WT
M. tuberculosis but not to ESX-1 mutants, and dual-labeling
experiments showed that the majority of the TBK1+ bacteria
colocalized with LC3 (Figures 2J and 2K). Importantly, BMDMs
from Tbk1/ mice had a 60% reduction in their ability to target
LC3 to M. tuberculosis during infection (Figure 2L), demon-
strating that the kinase plays an important role in both transcrip-
tional and autophagic innate immune responses to virulent
M. tuberculosis.
LC3-Positive M. tuberculosis Cells Are Ubiquitinated
Because both p62 and NDP52 are recruited to ubiquitinated
substrates, we tested whether M. tuberculosis colocalized with
host ubiquitin by immunostaining with anti-ubiquitin antibodies
that recognize conjugated mono- and polyubiquitin. As shown
in Figures 3A and 3B, 30% of WT M. tuberculosis colocalized
with ubiquitin at 4 hr post-infection, whereas ESX-1 mutant
bacteria did not colocalize with ubiquitin. Coimmunostaining
for both ubiquitin and LC3 revealed that 70% of all WT
M. tuberculosis that were coated with ubiquitin also recruited
LC3 (Figures 3C and 3D). Using antibodies that recognize
specific linkages of polyubiquitin chains, we found that 20%
of the total M. tuberculosis population was associated with
K63-linked ubiquitin, whereas 7% was K48 linked (Figures 3E
and 3F). Importantly, ubiquitin recruitment was unaffectedCell 150, 803–815in Atg5 macrophages, indicating that
ubiquitin acquisition precedes the re-
cruitment of LC3 and that the observedLC3 colocalization is specific to the ubiquitin-mediated auto-
phagy pathway (Figures S2A and S2B).
Cytosolic DNA Activates Selective Autophagy
Next, we sought to determine the microbial signal(s) necessary
for host recognition and targeting of ubiquitin-mediated selec-
tive autophagy to M. tuberculosis. We found previously that
M. tuberculosis extracellular DNA (eDNA) is exposed to the
host cytosol during macrophage infection, activating TBK1 to
elicit the production of type I IFNs (Manzanillo et al., 2012).
Although how eDNA is liberated and exposed during
M. tuberculosis infection is unknown, a strong body of literature
supports the notion that eDNA plays important roles in normal
bacterial physiology, most notably biofilm formation (Whitchurch
et al., 2002). Given the necessity of TBK1 in both autophagic tar-
geting ofM. tuberculosis and activation of type I IFNs in response
to M. tuberculosis DNA (Stanley et al., 2007), we sought to test
whether DNA sensing is necessary and sufficient to mediate
autophagy recruitment during infection of macrophages.
We first explored whether transfection of purified double-
stranded DNA (dsDNA) into the cytosol could trigger ubiquitin-
mediated selective autophagy. Indeed, transfection of plasmid
DNA into LC3-GFP BMDMs resulted in production of autophagic
puncta to an extent similar to that seen with rapamycin treatment
(Figure 4A), and induced processing of LC3 in an ATG5-depen-
dent manner (Figure 4B). This is in agreement with recent studies
showing that dsDNA viruses (HSV-1, HCMV) can induce robust
LC3 lipidation (McFarlane et al., 2011; Rasmussen et al., 2011), August 17, 2012 ª2012 Elsevier Inc. 807
Figure 4. Cytosolic DNA Is Targeted by Ubiquitin-Mediated Selective Autophagy and Requires NDP52 and STING
(A) Fluorescence images of GFP-LC3 RAW 264.7 cells (green) at 4 hr post-transfection with lipofectamine alone (control), plasmid DNA, cyclic di-AMP, or cyclic
di-GMP or treated with rapamycin.
(B) Western blot analysis of LC3 in Atg5+ and Atg5 BMDMs transfected with DNA for 3 hr.
(C) Fluorescence images of GFP-LC3 RAW 264.7 cells at 4 hr post-transfection with Cy3-labeled nucleic acid. Plasmid DNA was introduced by either lipofection
(plasmid-lipo) or electroporation (plasmid-electro), and all the other nucleic acid species were introduced by lipofection. Cells were also treated with lipofect-
amine reagent alone (lipo) or DNA without transfection reagent (DNA only).
(D) Quantitative analysis of Cy3-labeled plasmid DNAwith GFP-LC3 RAW264.7 cells at 4 hr post-transfection. Results are themeans ±SEMof three independent
experiments.
(E) Western blot analysis of LC3 after streptavidin immunoprecipitation of cell lysates 4 hr post-transfection of dsDNA or biotintylated dsDNA.
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and suggests that cytosolic dsDNA, in addition to activating tran-
scriptional responses, is a potent inducer of autophagy.
Previous work showed that transfected dsDNA is not distrib-
uted heterogeneously within the cell but instead exists in
discrete cytoplasmic foci (Hagstrom et al., 1997). We took
advantage of this phenomenon to determine whether dsDNA
induced a general, nonspecific autophagic response in cells or
whether the nucleic acid itself was targeted for selective autoph-
agy. As seen in Figures 4C and 4D, Cy3-dsDNA appeared within
LC3-positive vesicles during lipofection or electroporation of
GFP-LC3 RAW 264.7cells but not in cells incubated with DNA
in the absence of transfection reagents. Immunopreciptation
experiments with biotinylated DNA resulted in the recovery of
an LC3-DNA protein complex (Figure 4E), suggesting that cyto-
solic DNA recruits LC3-positive autophagic vesicles after trans-
fection. Furthermore, DNA also appeared within ATG12- and
LAMP-1 positive vesicles (Figure 4F), suggesting that cytosolic
DNA is targeted to autophagosomes that subsequently fuse
with the lysosome. Transfection of either dsDNA species such
as poly(dG:dC), poly(dA:dT), E. coli genomic DNA, or plasmid
DNA resulted in robust induction of autophagy as well as target-
ing to autophagosomes, whereas single-stranded DNA (ssDNA)
was not targeted (Figures 4C and S5A). These requirements for
autophagy induction by DNA are identical to the immunostimula-
tory properties of cytosolic DNA (Stetson and Medzhitov, 2006).
Furthermore, dsRNA and ssRNA did not result in autophagic au-
tophagosome formation or targeting (Figures 4C and S4A),
despite their ability to activate a similar immune response in
host cells (Takeuchi and Akira, 2010), showing that the induction
of autophagy is specific to dsDNA.
Cytosolic DNA Is Directly Targeted for Autophagy via
Ubiquitin-Mediated Selective Autophagy and STING
Because TBK1 kinase activity is stimulated by cytosolic DNA and
the protein physically interacts with NDP52, we hypothesized
that cytosolic DNA also activates ubiquitin-mediated selective
autophagy. As shown in Figure 4F, ubiquitin, TBK1, and
NDP52 all colocalized to DNA puncta by 4 hr after transfection.
GFP-LC3-positive dsDNA puncta also colocalized with ubiquitin,
and both K48 and K63 linkages were observed (Figures S4C–
S4F). Furthermore, knockdown of NDP52 resulted in reduced
targeting of DNA into LC3 autophagosomes (Figure 4G), further
suggesting that DNA is targeted to LC3-positive vesicles via
ubiquitin-mediated selective autophagy.
STING is an essential adaptor protein that functions upstream
of TBK1 in the interferon stimulatory DNA pathway (Barber,
2011). STING colocalizes with LC3 during DNA stimulation(F) Fluorescence images of BMDMs transfected with Cy3-labeled plasmid D
anti-NDP52, or anti-phospho-TBK1 antibodies (green).
(G) Quantitative analysis of GFP-LC3 colocalization with Cy3-labeled plasmid DNA
264.7 cells. Results are the means ± SEM of three independent experiments. D
per group, *p < 0.005).
(H) Fluorescence images of WT and Sting/ BMDMs at 4 hr post-transfection w
anti-LC3 antibodies.
(I) Quantitative analysis of ubiquitin, NDP52, and LC3 colocalization with
BMDMs. Results are the means ± SEM of three independent experiments. Da
per group, *p < 0.005).
See also Figure S4.(Saitoh et al., 2009) and is required for LC3 lipidiation in response
to herpes virus DNA (Rasmussen et al., 2011). Thus, we next
sought to determine whether STING directly mediates ubiqui-
tin-selective autophagy in response to cytosolic DNA. In contrast
to WT BMDMs, Sting/ macrophages were unable to recruit
ubiquitin, LC3, and NDP52 to transfected dsDNA (Figures 4H
and 4I). Furthermore, direct activation of STINGwith either cyclic
di-AMP or cyclic di-GMP (Burdette et al., 2011) activated
GFP-LC3 puncta formation to a similar extent as cytosolic
DNA stimulation and rapamycin treatment (Figure 4A), sug-
gesting that direct activation of STING is sufficient to induce
autophagsome formation. Taken together, we conclude that
activation of STING serves a critical role during the initial steps
of ubiquitin-mediated autophagy of DNA.
Cytosolic DNA Sensing Mediates Targeting
of M. tuberculosis to Autophagosomes
Because STING is activated within macrophages by
M. tuberculosis (Manzanillo et al., 2012), we hypothesized that
mycobacterial DNA is the ligand that triggers ubiquitin-mediated
selective autophagy of M. tuberculosis during infection. As
shown in Figures 5A and 5B, Sting/ BMDMs displayed
reduced ubiquitin-M. tuberculosis colocalization and were
severely defective in targeting LC3 to bacteria. In addition,
M. tuberculosis colocalization with NDP52 and phospho-TBK1
was undetectable during infection of Sting/ BMDMs (Fig-
ure 5C). Ubiquitin and LC3 localization to M. tuberculosis was
normal in macrophages deficient for inflammasomes (Asc1/
and Nalp3/; Shi et al., 2012), TLR signaling (Myd88/ Trif/),
or type I IFN signaling (Irf3/Irf7/, Ifnar1/), indicating that
targeting is independent of other pathways activated by cyto-
solic nucleic acid (Figure S5). Taken together, our data suggest
that STING is necessary for directing the formation of the ubiqui-
tin signals that route M. tuberculosis to the ubiquitin-mediated
selective autophagy pathway.
Host DNases Affect Autophagic Targeting
of M. tuberculosis
To further demonstrate the role of DNA in targeting
M. tuberculosis to autophagosomes, we determined whether
host DNases could modulate autophagic targeting of bacilli
during infection. DNases such as TREX1 and DNASE IIa have
been shown to negatively regulate the innate immune response
to cytosolic DNA (Okabe et al., 2009; Stetson et al., 2008), and
TREX1 negatively regulates the induction of type I IFN during
M. tuberculosis infection (Manzanillo et al., 2012). Overexpres-
sion of TREX1 or DNASE IIa withinmacrophages greatly reducedNA (red) and immunostained with anti-ATG12, anti-ubiquitin, anti-LAMP-1,
at 4 hr post-transfection after shRNA knockdown of NDP52 in GFP-LC3 RAW
ata are expressed as a percentage relative to control knockdown cells (n = 3
ith Cy3-labeled plasmid DNA (red) and immunostained with anti-ubiquitin or
Cy3-labeled plasmid DNA at 4 hr post-transfection in WT and Sting/
ta are expressed as a percentage relative to control knockdown cells (n = 3
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Figure 5. STING and Cytosolic DNases
Modulate Autophagic Targeting of
M. tuberculosis
(A) Quantitative analysis of ubiquitin colocalization
with WT M. tuberculosis at 4 hr post-infection in
WT or Sting/ BMDMs. Results are the means ±
SEM of three independent experiments. Data are
expressed as the percentage of ubiquitin-positive
cells relative to WT BMDMs (n = 3 per group, *p <
0.003).
(B) Quantitative analysis of LC3 colocalization
with WT M. tuberculosis at 4 hr post-infection in
WT or Sting/ BMDMs. Results are the means ±
SEM of three independent experiments. Data are
expressed as the percentage of LC3-positive cells
relative to WT BMDMs (n = 3 per group, *p <
0.003).
(C) Quantitative analysis of phospho-TBK1 and
-NDP52 colocalization with WT M. tuberculosis at
4 hr post-infection in WT or Sting/ BMDMs.
Results are themeans ±SEMof three independent
experiments. Data are expressed as the
percentage of marker-positive cells relative to WT
BMDMs.
(D) Quantitative analysis of ubiquitin colocalization
with WT M. tuberculosis at 4 hr post-infection in
RAW cells stably overexpressing TREX1
or DNASE IIa. Results are the means ± SEM of
three independent experiments. Data are expressed as the percentage of ubiquitin-positive cells relative to control (vector only) cells (n = 3 per group, *p < 0.019).
(E) Quantitative analysis of GFP-LC3 colocalization with WTM. tuberculosis at 4 hr post-infection in GFP-LC3 RAW 264.7 cells stably overexpressing TREX1 and
DNASE IIa. Results are the means ± SEM of three independent experiments. Data are expressed as the percentage of GFP-LC3-positive cells relative to control
(vector only) cells (n = 3 per group, *p < 0.003).
(F) Quantitative analysis of ubiquitin colocalization with WT M. tuberculosis at 4 hr post-infection in WT or Trex1/. Results are the means ± SEM of three
independent experiments. Data are expressed as the percentage of ubiquitin-positive cells relative to WT BMDMs (n = 3 per group, *p < 0.005).
(G) Quantitative analysis of LC3 colocalization with WT M. tuberculosis at 4 hr post-infection in WT or Trex1/ BMDMs. Results are the means ± SEM of three
independent experiments. Data are expressed as the percentage of GFP-LC3-positive cells relative to WT BMDMs (n = 3 per group, *p < 0.02).
See also Figure S5.colocalization of M. tuberculosis with ubiquitin (Figure 5D) and
LC3 (Figure 5E) during infection. Furthermore, M. tuberculosis
infection of Trex1/ BMDMs resulted in an increase in targeting
of M. tuberculosis to these markers (Figures 5F and 5G). These
data reveal an unprecedented role of host DNases in modulating
selective autophagy and provide corroborative evidence that
M. tuberculosis DNA serves as a molecular signal for selective
autophagy.
Ubiquitin-Mediated Autophagy Targets M. tuberculosis
to the Lysosome
Because autophagy has been implicated in acute
M. tuberculosis restriction by macrophages (Gutierrez et al.,
2004), we sought to determine the fate of ubiquitinated bacteria
marked for autophagy early after infection. First, we stained
M. tuberculosis-infected macrophages with antibodies that
recognize the lysosomal marker LAMP-1 to determine whether
ubiquitin and LC3-positive bacteria are targeted to lysosomes.
During M. tuberculosis infection of Atg5+ BMDMs, 30% of
bacilli were positive for LAMP-1 at 6 hr post-infection (Figures
6A and 6B). In contrast, only 2%–5% of bacilli colocalized with
LAMP-1 duringM. tuberculosis infection of Atg5macrophages.
Importantly, macrophages deficient for TBK1 or STING also had
severe defects in LAMP-1 colocalization to bacteria, indicating810 Cell 150, 803–815, August 17, 2012 ª2012 Elsevier Inc.that DNA/ubiquitin-mediated targeting leads to delivery of
M. tuberculosis to the lysosome (Figures 6A and 6B).
To test whether the differences in lysosomal targeting corre-
lated with changes in bacterial survival, we infected BMDMs
with WT M. tuberculosis and determined bacterial viability by
enumerating colony-forming units (CFUs) at 6 and 24 hr post-
infection. Infection of BMDMs deficient for ATG5, STING, or
TBK1 resulted in a 2- to 3-fold increase in bacterial survival
relative to WT or control BMDMs (Figure 6C), and shRNA knock-
down of NDP52 expression had similar effects (Figure 6D)
on bacterial numbers. These data demonstrate that targeting
of M. tuberculosis to the autophagy pathway is required for
the cell-autonomous control of M. tuberculosis replication
within macrophages. Moreover, becauseM. tuberculosis grows
extremely slowly and very little replication occurs during the first
24 hr of infection, these data suggest that the population of
bacteria targeted by the ubiquitin-mediated autophagy pathway
is specifically killed in the lysosome, whereas the nontargeted
bacteria remain viable.
Autophagy Is Essential In Vivo for Control
ofM. tuberculosis
Because previous studies on the role of autophagy during
M. tuberculosis infection have been performed with cultured
Figure 6. STING-, TBK1-, and ATG5-Dependent Delivery of M. tuberculosis to Lysosomes Limits Bacterial Replication
(A) Fluorescence images of indicated BMDM genotypes infected for 4 hr with mCherry-expressing WT M. tuberculosis (red) and immunostained with
anti-LAMP-1 (green) antibodies.
(B) Quantitative analysis of LAMP-1 colocalization with WT M. tuberculosis at 4 hr post-infection in indicated BMDM genotypes. Results are the means ± SEM
of three independent experiments. Data are expressed as the percentage of Lamp-1-positive cells relative to control BMDMs (n = 3 per group, *p < 0.012).
(C) BMDMs of the indicated genoytpes were infected with WTM. tuberculosis (multiplicity of infection [moi] 1) for 0, 6, and 24 hr. Bacterial viability was assessed
by CFUs. Results are the means ± SEM of three independent experiments. Data are expressed as the percentage of bacterial survival compared to time zero
relative to control macrophages (n = 3 per group, *p < 0.025).
(D) RAW 264.7 cells were infected withWTM. tuberculosis (moi 1) for 0, 6, and 24 hr after shRNA knockdown of NDP52. Bacterial viability was assessed by CFUs.
Results are the means ± SEM of three independent experiments. Data are expressed as the percentage of bacterial survival compared to time zero relative to
scrambled shRNA (control) (n = 3 per group, *p < 0.046).macrophage cells (Deretic et al., 2009), we used a mouse model
of tuberculosis infection to determine the contribution of auto-
phagy in macrophages to host resistance in vivo. To this end,
we performed low-dose aerosol infections of Atg5 mice
(Atg5flox/flox-Lyz-Cre) and monitored both mouse survival and
bacterial burdens within infected tissues. Surprisingly, Atg5
mice were extremely sensitive to M. tuberculosis, as all mutant
mice succumbed to infection by 4 weeks post-infection, in
contrast to Atg5+ mice that displayed no overt signs of distress
at this early time point (Figure 7A). In addition, the rate of
M. tuberculosis replication was unchecked within Atg5 mice,
which resulted in nearly a 1,000-fold increase in bacilli within
the lungs and a 10- to 20-fold increase of bacilli within the spleen
and liver at 21 days post-infection, relative to control mice
(Figures 7B and 7C). The increased bacterial burden in Atg5
mice was accompanied by massive pulmonary abscesses thatwere obvious both by gross morphology of entire lungs and by
staining of tissue sections (Figures 7D and 7E). Furthermore,
lungs from Atg5 mice contained 5- to 10-fold higher levels of
proinflammatory cytokines TNF-a, IL-1a, IL-1b, and IL-6 within
infected lung tissues (Figure 6F). In contrast, production of
IFN-g was unchanged between Atg5 and Atg5+ infected mice
(Figure 6F), suggesting that the defect in Atg5 mice was not
simply due to a failure of T cells to produce this important cyto-
kine. Collectively, these data demonstrate that ATG5-mediated
autophagy in monocytes plays a major role in eliciting an effec-
tive innate immune response toM. tuberculosis infection in vivo.
DISCUSSION
We have identified four critical steps in the pathway by which
M. tuberculosis cells are recognized by host macrophages andCell 150, 803–815, August 17, 2012 ª2012 Elsevier Inc. 811
Figure 7. ATG5 Is Required In Vivo for
Control of M. tuberculosis
Atg5fl/fl (Atg5+) and Lyz-Cre-Atg5fl/fl (Atg5) from
a single cohort were infected with 200 CFUs of
WT M. tuberculosis via the aerosol route (n = 30
per group).
(A) Atg5+ mice showed significantly improved
survival compared to Atg5mice as calculated by
log-rank test (**p < 0.001).
(B and C) Bacterial burdens as measured by CFUs
in the lungs 0, 7, and 21 days post-infection (B)
and the spleen and liver 21 days post-infection (C)
(n = 5 per time point, *p < 0.005, **p < 0.001).
(D) Lungs from Atg5+ and Atg5 mice 21 days
post-infection.
(E) H&E staining of lung sections from Atg5+ and
Atg5 mice 21 days post-infection. Arrows indi-
cate large pulmonary abscesses not observed in
WT mice.
(F) Multiplex ELISA analysis of cytokines from
lungs of control and Atg5 mice 21 days post-
infection (n = 4 per group).targeted to autophagosomes. First, thebacterial ESX-1 secretion
system initiates the interaction by permeabilizing the phago-
somal membrane early after phagocytosis. Second, permeabili-
zation exposes DNA on the surface of the bacteria that is recog-
nized by components of the cytosolic DNA pathway, including
STING, to initiate autophagy targeting. Third, a population of
the engulfed bacteria become associated with, and surrounded
by, host ubiquitin chains. Most of the labeled bacteria are asso-
ciated with K63-linked chains, but some K48 linkages are also
detectable on a lower percentage of bacteria. Our finding that
STING is necessary for ubiquitin colocalization of a subpopula-
tion of bacteria suggests that distinct recognition events underlie
M. tuberculosis targeting. Fourth, the ubiquitin LC3-binding
autophagy adaptors p62 and NDP52 are required to recruit
autophagy components to create a phagophore surrounding
the bacilli, a process that also requires the TBK1 kinase and
ATG5. Once targeted to the ubiquitin-mediated autophagy
pathway, bacilli-containing autophagosomes are matured via
fusion with lysosomes to create autophagolysosomes. Delivery
of this population of bacteria to the lysosome is responsible for
limited bacterial killing by macrophages ex vivo, but the entire
autophagy pathway in macrophages is a major determinant of
host resistance toM. tuberculosis infection in vivo.
Given the modest effect of ATG5 onM. tuberculosis survival in
macrophages, it may be surprising that the Atg5 mice are so812 Cell 150, 803–815, August 17, 2012 ª2012 Elsevier Inc.profoundly susceptible to infection. In-
deed, Atg5 mice succumb to infection
with kinetics nearly identical to that of
mice that completely lack an adaptive
immune system or are missing key acti-
vators of macrophage activation, such
as IFN-g (MacMicking et al., 2003).
However, it is becoming clear that au-
tophagy plays a broader role in innate
and adaptive immune responses than
simply leading to direct killing ofmicrobesin the lysosome. For example, autophagy enhances antigen
presentation in dendritic cells (Jagannath et al., 2009) and nega-
tively regulates inflammasome activation (Nakahira et al., 2011;
Saitoh et al., 2008; Zhao et al., 2008). Indeed, the pronounced
increase in inflammatory cytokines, such as IL-1b, during infec-
tion of Atg5 mice suggests that inflammasome signaling is
augmented in the Atg5 mice during M. tuberculosis infection
(Shi et al., 2012). Therefore, whereas delivery of bacteria to the
lysosome plays a direct role in acute bacterial restriction, au-
tophagy may play a more pronounced role in overall control via
non-cell-autonomous effects on innate and specific immune
responses.
In contrast to the major role of ATG5 in controlling
M. tuberculosis infection, previous studies demonstrated that
macrophages from Atg5 mice are capable of controlling BCG
infection (Zhao et al., 2008). Our results suggest that the reason
for the apparent dispensability of ATG5 during BCG infection is
because the vaccine strain does not naturally induce the ubiqui-
tin-mediated pathway due to a lack of ESX-1 secretion and the
concomitant lack of membrane permeabilization. Importantly,
reintroduction of ESX-1 secretion to BCG (Pym et al., 2003), or
induction of general autophagy by administering rapamycin
(Jagannath et al., 2009), increased the potency of vaccination,
suggesting that incorporation of autophagy-inducing elements
may uniquely benefit vaccination strategies to prevent human
tuberculosis. Similarly, mice lacking ATG5 in monocytes had a
relatively minor defect in protection from infection with
L. monocytogenes (Zhao et al., 2008), especially compared to
the dramatic effects withM. tuberculosis. In this case, it is prob-
able that the ability of L. monocytogenes to evade autophagy by
nucleating actin renders the bacteria insensitive to the absence
of autophagic machinery (Yoshikawa et al., 2009). Moreover, it
is likely that the ubiquitin-mediated autophagy pathway acts as
an inducible mechanism to traffic intracellular pathogens that
permeabilize membranes into lysosomes, whereas nonpatho-
gens that do not perturb membranes traffic to lysosomes via
the constitutive endosomal-lysosomal maturation pathway.
It is curious that only one-third of intracellular bacteria are tar-
geted by the ubiquitin pathway and colocalize with LC3. This
observation is consistent, however, with classic electronmicros-
copy (EM) studies ofM. tuberculosis trafficking in macrophages
that showed that although liveM. tuberculosis bacilli were able to
profoundly inhibit phagosomematuration to lysosomes, approx-
imately one-third of bacilli still trafficked to lysosomes (Arm-
strong and Hart, 1971). It is likely that the fate of those lysosomal
bacteria was mediated by autophagic targeting. Although we do
not yet understand the mechanistic basis for the heterogeneous
response, one possibility is that M. tuberculosis may employ an
autophagy evasion strategy that prevents ubiquitination but
is only partially effective. Similarly, though perhaps more
appealing, is the possibility that cell-to-cell variations in ESX-1
secretion, and thus variations in membrane permeability from
phagosome to phagosome, could account for the heterogeneity
in autophagy targeting (Ohol et al., 2010). In either case, hetero-
geneity of autophagic targeting may be important for successful
infection by M. tuberculosis. For example, although bacilli that
become targeted to lysosomes may be killed, the resultant
increase in proinflammatory responses and elicitation of adap-
tive immune responses may promote and favor the persistence
strategy of the bulk of the bacterial population. Alternatively, it
is possible that the heterogeneity is due to host processes; for
example, there may be an exclusive interplay between bacterial
targeting and membrane repair.
The findings that DNA is a bacterial-derived molecule recog-
nized by host cells to target M. tuberculosis to autophagy, and
that STING and TBK1 are required for this process, reveals
a surprisingly broad connection between cytosolic DNA detec-
tion and innate immune responses to pathogens. Indeed, intro-
duction of exogenous DNA into the cytosol of cells triggers
three distinct yet interrelated responses: autophagy, cytokine
signaling, and inflammasome activation (Hornung et al., 2009;
Roberts et al., 2009). STING is a required factor for both auto-
phagy and cytokine signaling and, either directly (Burdette
et al., 2011) or indirectly (via interactions with cytosolic DNA
receptors), recognizes DNA and leads to ubiquitination and
recruitment of both TBK1 and NDP52. It will be interesting to
determine whether other ubiquitin-binding adaptors implicated
in autophagy, including NBR1 and optineurin, are also important
for this pathway (Kirkin et al., 2009; Wild et al., 2011b). Although
the molecular connections between DNA and ubiquitination
remain unknown, STING itself is a plausible ubiquitinated target
as it colocalizes to bacteria and is ubiquitinated during DNA
stimulation (Tsuchida et al., 2010).It is likely that cytoplasmic DNA detection also targets other
pathogens that access the cytosol to the autophagy pathway.
Although it remains to be seen whether autophagy targeting of
other bacterial pathogens depends on DNA sensing and STING,
it is becoming clear that this same pathway is also operational to
limit infection with dsDNA viruses, which expose their genomes
during virion assembly in the cytoplasm (McFarlane et al., 2011;
Rasmussen et al., 2011). Furthermore, given the eubacterial
origin of the mitochondrion, it is tempting to speculate that
a signal for mitophagy may also be exposure of mitochondrial
DNA on the surface of damaged organelles.
A common requirement of intracellular pathogens is the ability
to penetrate host cell membranes in order to gain access to the
cytosol. The mechanisms described here illustrate that it is the
combination of pathogen molecule and spatial distribution of
pattern recognition receptors that allows host cells to detect
membrane puncture and discriminate pathogens from non-
pathogens. It is thus a combination of ESX-1 secretion and
DNA exposure that constitutes the ‘‘pattern of pathogenesis’’
recognized by host cells to mount innate responses against
M. tuberculosis (Vance et al., 2009). In addition to detection of
microbial products, cells are also able to target autophagy
to intracellular pathogens by directly detecting membrane
permeabilization (Thurston et al., 2012). Such overlapping
systems may be beneficial for different host cell types and as
well to allow cells to detect virulent pathogens that do not
expose stimulatory eDNA.
EXPERIMENTAL PROCEDURES
A detailed description of materials and methods can be found in the Extended
Experimental Procedures.
Antibodies
The following primary antibodies were used: mouse monoclonal antibodies
against poly- and monoconjugated-ubiquitin (Enzo Life Sciences), K63 and
K48 ubiquitin (Milipore), LAMP-1 (BD Biosciences), STING (Sigma), and
NDP52 (Novus Biologicals) and rabbit polyclonal antibodies against
phospho-TBK1 (Cell Signaling), ATG12 (Cell Signaling, and LC3B (Invitrogen).
Secondary antibodies used were as follows: Alexa 488-conjugated goat anti-
rabbit and Alexa 488- and Alexa 350-conjugated goat anti-mouse IgG antise-
rium (Molecular Probes).
Bacterial Strains
The Erdman strain of M. tuberculosis was used as the WT strain and mutant
background strain for all M. tuberculosis experiments. BCG Pasteur was
a gift from W.R. Jacobs.
Macrophage Infection
For infections with mycobacteria, macrophages were infected as previously
described at a multiplicity of infection (moi) of 1 (Manzanillo et al., 2012). For
determination of CFUs, macrophage monolayers were lysed in 0.1% Triton
X-100 and plated on 7H10 agar plates.
Mouse Infection
Atg5flox/flox-Lyz-Cre and Atg5flox/flox control mice were infected with
M. tuberculosis (Erdman) via low-dose aerosol infection (200 CFUs) as
previously described (Ohol et al., 2010).
Statistics
Statistical analysis of data was performed using GraphPad Prism software
(Graphpad; San Diego, CA, USA). Two-tailed unpaired Student’s t testsCell 150, 803–815, August 17, 2012 ª2012 Elsevier Inc. 813
were used for analysis of microscopy images and mycobacterium CFU
assays. The Kaplan-Meir method was used to analyze mouse survival. Unless
otherwise indicated, all experiments were performed at least three times and
presented as the mean ± standard error of the mean (SEM).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures,
five figures, and one movie and can be found with this article online at http://
dx.doi.org/10.1016/j.cell.2012.06.040.
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